The formation of long stationary filaments resulting in uniform high density plasma strings in air using short pulse UV laser Bessel beams is shown. The length and the electron density of the plasma strings can be easily tuned by adjusting the conical Bessel wavefront angle. It is shown that in this regime the length of the plasma string can be extended over meter-long scales without any compromise in the string uniformity or any temporal evolution of the filamented laser pulse.
Introduction
Numerous interesting laser-based applications, such as lightning control [1] , remote LIBS [2] , LIDAR [3, 4] or pulse compression [5, 6] depend on two key factors: the peak on axis laser intensity and the length over which this can be sustained. Evidently, such applications are strongly favored by the presence of a long path of high intensity, and consequently high electron density, in the propagation direction.
When the input laser pulse power is low its propagation is governed by the laws of linear optics. For instance, when a laser pulse is focused by a spherical lens the longitudinal length L of the focal region, known as the Rayleigh length, is L ∝ d 2 while the intensity I ∝ 1/d 2 , where d is the focal spot diameter. Thus, in the linear regime any extension of the focal region is always in the expense of intensity. In contrary, when the laser pulse power exceeds the critical power for self focusing P cr [7] , a number of interesting nonlinear effects take place. One of the most exciting is filamentation, which corresponds to the self-organization of the laser beam in a small diameter intense mode that propagates over extended distances. This phenomenon can be qualitatively explained as a dynamical competition between linear and nonlinear effects including Kerr self-focusing, ionization defocusing, nonlinear losses and dispersion effects [8] . For typical Gaussian beams, focused by spherical lenses, filamentation extends on a region much longer than the Rayleigh length L while the intensity is maintained at very high levels (~ 10 13 W/cm 2 ). Although filamentation seems a perfect candidate for the generation of long regions of high intensity there are also drawbacks. As mentioned already filamentation is a dynamical process with strong spatio-temporal effects that lead to a more or less modulated on axis distribution of intensity and plasma density. This modulation can somehow be moderated when the beam propagates in a medium exhibiting strong nonlinear absorption (two or three photon absorption), or when the high intensity peak is reached by means of a sufficiently smooth growth inside the nonlinear medium (adiabatic coupling) [9, 10] .
On the other hand, filamentary-like propagation is also achievable, even in the linear propagation regime, by Bessel beams. Bessel beams can be viewed as the superposition of infinite plane waves whose wave-vector lies on a cone or as a superposition of two Hankel beams (see for example [11] ). As this conical wave propagates, due to interference effects, an intense central core, surrounded by lower intensity rings is formed along the propagation direction. In the nonlinear regime the high intensity core of the Bessel beam will lead to the generation of free electrons through multi-photon ionization.
Bessel beams are commonly generated using axicons, while more complex optical systems such as holographic elements [12] and lensacons [13] can be used as well. An axicon is an optical element with one side flat and the other side conical. As the pulse propagates through the axicon and exits from the conical side, the wavefront is transformed to conical. The total length of the Bessel zone depends on the input beam diameter and the axicon's conical angle.
Filamentation dynamics in various media using pulsed Bessel beams has already been studied (see [14] , and references therein). More recently, ultrafast IR (800 nm) Bessel beams have been used to generate long plasma strings in air [15, 16] . In these works the reported simulated electron density values were in the range of 10 16 cm
3
. Furthermore, the plasma density was not uniform exhibiting either oscillations, due to the use of narrow beams and a blunt-tip axicon, [15] or significant variation over the propagation distance [16] . Also, it was reported [16] that by adding temporal chirp in the pulse, the plasma string position and length could be relatively extended but in the expense of peak electron density.
In this letter we report on the creation of tunable in length, uniform plasma strings of high electron densities (~ 10 18 cm -3
) in air using UV short pulse Bessel beams. The use of UV radiation makes the ionization process very efficient and along with the optimization process achieved by the tuning of the Bessel beam angle makes it a perfect candidate for the generation of very long and uniform plasma strings in air. The string length tunability is achieved without sacrificing the plasma uniformity, while the impact on the peak electron densities is also very small.
Experimental setup
A hybrid feedback distributed dye/KrF excimer laser, delivering 0.5 ps (or 5 ps), 248 nm pulses was used in our study. The output laser beam profile was top-hat with spatial dimensions of 50-mm x 50-mm. The central part of the laser beam was selected by means of an iris and was directed towards the optical system that transformed the beam to conical. The optical system was either a simple fused silica axicon, with base angle of γ =5° (170° apex angle) or a system composed by the same axicon preceded by a fused silica plano-concave lens of f = -200 mm focal distance, placed 3 cm from the axicon, as shown in Fig. 1(a) . In the experiments both available laser pulse modes, 0.5 ps and 5 ps, were used. An electric conductivity technique was used to characterize the generated plasma strings after the axicon [17] . The measurement system consisted of two steel electrodes (~ 1 mm diameter) separated by 3 mm distance. A Teflon slit aperture was placed in front of the electrodes to exclude undesired ionization on the electrode's surfaces from the UV laser beam.
The plasma string passed between the two electrodes while a DC high voltage (1.4 kV) was applied on them. The laser generated plasma redistributed in the presence of the applied external electric field (~ 4.7 kV/cm) and screened out [18] the external field, generating a potential drop across the electrodes that caused a current to flow though the 8 kΩ probe resistance. The voltage drop across the resistance was measured using a standard oscilloscope. When this detection setup is operated in the ohmic regime (current is proportional to the applied high voltage) the measured electric signal depends linearly on the mean, over the plasma channel diameter, excited electron density <N e >. The correlation of the electric conductivity measurements to plasma density estimations was done by comparison with a precise, but more complex, holographic method [19] .
As mentioned above an axicon was used to generate the Bessel beam. From a ray tracing point of view an axicon focuses all the rays that lie on a cylinder of radius h to an axial focus at a distance f z (h) from the axicon apex, as shown in Fig. 1b(i) . In contrast to a spherical lens the axial focus position depends linearly on the ray height h. For an axicon with small base angle the axial focus position can be written as:
, where γ is the base angle of the axicon, n is the refractive index of the axicon and n o is the refractive index of the surrounding medium (air). The longitudinal size of the focal region in this case is defined by the base angle of the axicon and the beam diameter. A highly efficient way to expand this region is to place a diverging lens before the axicon. The axial focusing range is expanded while the axial focus position is now a nonlinear function of the ray height h, as shown in Fig.  1b (ii). In this case with a good approximation the axial focus position can be written as:
where f is the focal distance of the diverging lens. It is clear that after the insertion of the diverging lens the optical system acts as an axicon with an effective base angle γ eff given by:
The effective base angle is no longer constant and linearly depends on the ray height. Fig.  1b(iii) shows the significant extension of the longitudinal focusing range achieved by this approach.
Results and discussion
The electron density distributions of the plasma strings created when using the axicon alone are shown in Fig. 2(a) for both pulse durations. In both cases a homogeneous plasma channel ~ 150 mm long is created. The estimated electron density values are in the range of ~2.5
. 10 18 cm -3 and 1 . 10 17 cm -3 for the 0.5 ps and 5 ps pulses respectively. The difference in the peak electron densities is due to the lower pulse intensity of the longer pulses.
Although homogeneous, the plasma strings obtained in this way are relatively short in length. To obtain longer plasma strings we introduced the diverging lens as described above. The obtained plasma string electron distributions are shown in Fig. 2(b) , for the same input pulse parameters as in Fig. 2(a) . One observes a considerable increase in the length of the plasma strings, without any compromise in the plasma uniformity, accompanied by a small reduction of the peak electron density. For the shorter 0.5 ps pulses the plasma string length was extended by a factor of ~10x with a ~3.4x reduction of the electron density (~ 7. ). Despite this reduction, the plasma density is still 2 orders of magnitude higher than previously reported values from relative studies [15, 16] . Likewise, for the 5 ps pulses the plasma string length was increased by a factor of ~5x, accompanied with a ~2x reduction of the electron density values (~6 10 16 cm -3 ). Beyond the spatially achieved stationarity we verified that this conically driven filamentary propagation does not involve any temporal effects either. For this we monitored the UV laser pulse spectrum before and after the formation of the plasma strings. The comparative spectra are shown in Fig. 3 for both pulse durations, showing insignificant spectral evolutions. This is a strong indication that no temporal effects, like pulse splitting, take place during the pulse propagation and plasma string formation. In order to further explore this conical filamentation regime numerical simulations of the nonlinear propagation have also been performed, using a complete 3D code that solves the nonlinear Schrödinger equation (NLSE) coupled with a rate equation for the electron density evolution. The numerical model is described in detail in [8] and it takes into account diffraction, plasma defocusing, group velocity dispersion by using the full dispersion relation (Sellmeir -like) for air, and nonlinear effects such as the Kerr effect, and multi photon absorption. The electron density evolution equation takes into account multi-photon ionization, as well as avalanche ionization and trapping. The effect of the axicon is modeled by the multiplication of the input field with a phase mask, power 7 10 -5 P cr ) with all other parameters unchanged. The results of the simulation are shown in Fig. 4 . As it is clear, the on-axis intensity for the low input energy is ~10 6 times smaller than the on-axis intensity, corresponding to the 10 6 times higher input energy, but follows the same shape as for the high input laser energy. This result confirms that the propagation is governed by the linear induced conical wavefront. The on-axis electron density, for the case of the 7.5 mJ input energy is also shown in Fig. 4 . The peak electron density value of 6.5 10 17 cm -3 of the simulation agrees nicely with the measured one 7.4 10 17 cm -3 , while the simulated electron density is decaying faster as a function of the propagation distance. This discrepancy could be attributed to the fact that the electric conductivity technique, which is sensitive to the plasma string volume between the electrodes, results in averaged electron density values <N e >, while the simulation results refer to the peak electron densities in the center of the plasma string core. Finally, the numerical results show no temporal evolution of the filamented laser pulses, in agreement with the experimental findings. 
Conclusion
In conclusion, we have demonstrated that long, uniform and high density plasma strings can be generated in air using conically shaped UV short laser pulses. The combination of axicons with diverging lenses, actively tunes the conical angle, and results in a remarkable increase of the plasma string length with no sacrifice in the string uniformity and minimal peak electron density changes. Since the beam propagation is mainly governed by linear effects the propagation is stationary both in space and in time. These results could be scaled-up to higher input energies as the presence of strong nonlinear absorption would result to intensity clamping effects that would further flatten the intensity spatial profile, keeping the plasma density high over long propagation distances. Our approach is an attractive candidate for numerous applications like THz pulse generation or lightning control.
